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FOREWORD 

The  investigation  described  in  this  report  is  a 
part  of  a  comprehensive  program  to  add  to  the 
fundamental  knowledge  of  the  important  military 
explosive,  alpha-trinitrotoluene  (TNT).  Many 
such  studies  have  been  neglected  because  of  lack 
of  interest  in  times  of  peace  and  the  urgency  of 
production  and  utilization  problems  in  times 
of  war.  The  problem  of  determining  thermal 
expansion  of  TNT  was  suggested  by  the  sen¬ 
sitivity  to  small  temperature  changes  resulting 
in  unpredictable  fracture  of  large  crystals  grown 
either  from  solution  or  the  melt.  This  work  is 
incomplete  awaiting,  as  it  must,  further  elucida¬ 
tion  of  the  crystallography  of  TNT  for  complete 
explanation  of  the  phenomena  observed. 

This  study  was  begun  under  Task  Assignment 
NOTS-37-Re2c- 1  9-2  and  completed  under  an 
allocation  from  Technical  Overhead  funds,  Local 
Project  586. 

This  report  has  been  reviewed  for  technical 
competence  by  W.  M.  Cady,  A.  L.  Olsen,  and 
L.  A.  Burkardt. 

J.  H.  SHENK 

Head,  Research  Department 


Released  by: 
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Technical  Director 
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ABSTRACT 

Coefficients  of  thermal  expansion  for  the  three 
crystallographic  axes  of  alpha-TNT  have  been 
determined.  The  coefficient  for  the  intermediate 
and  long  axes  is  about  50  X  10 _6  in./in. /°C,  and 
that  for  the  short  axis  averages  about  four  times 
this  value.  The  thermal  expansion  along  the  short 
axis  showed  marked  changes  at  temperatures 
from  55°  to  65°C.  Plastic  flow  was  observed 
along  the  intermediate  and  long  axes  at  tem¬ 
peratures  8°  or  9ffC  below  the  melting  point. 
Little  or  no  flow  was  noted  along  the  short  axis. 
These  observations  indicate  that  TNT  crystals 
have  anisotropic  physical  properties.  Thermal- 
shock  experiments  showed  that  fracture  occurs 
along  the  short  axis  perpendicular  to  the  long 
axis.  Heating  curve  data  did  not  uncover  an 
energy  change  for  TNT  below  the  melting  point. 
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INTRODUCTION 

Alpha  (2,4,6-)  trinitrotoluene  employed  separately  or  as  a  major 
component  of  numerous  explosive  compositions  is  one  of  the  most 
important  and  widely  used  of  the  high  explosives.  Although  thousands 
of  tons  of  this  compound  have  been  produced  and  man/  refinements 
made  for  its  manufacture  and  utilization,  certain  basic  physical  prop¬ 
erties  are  not  known.  For  example,  the  changes  in  such  properties  as 
heat  conductivity,  specific  heat,  expansion,  elastic  properties,  solubility 
of  gases,  and  rate  of  solid  phase  reaction  with  changes  in  temperature 
have  been  studied  insufficiently  or  not  at  all.  It  is  difficult,  therefore, 
to  explain  and  cure  certain  deleterious  properties  observed  for  this 
valuable  material,  such  as  poor  mechanical  strength,  change  in  physical 
characteristics  during  storage,  formation  of  nonuniform  castings,  and 
abnormal  grain  growth. 

One  of  the  most  important  of  the  unknown  basic  properties  is  thermal 
expansion.  A  knowledge  of  this  property  will  very  likely  permit  a  better 
understanding  of  some  of  the  difficulties  in  manufacturing  and  storing 
warheads  containing  TNT.  The  only  published  work  on  the  thermal 
expansion  of  TNT  is  that  of  the  Russian  investigator  Mantrov  (Ref.  1), 
who  determined  only  volume  expansion  for  a  limited  temperature  range. 
The  method  employed  was  a  modified  Dulong  and  Petit  procedure,  and 
the  quantitative  compositions  of  the  explosive  mixtures  were  not  given. 
These  data  have  not  yet  appeared  in  either  the  International  Critical 
Tables  or  the  Landolt-Bornstein  Phy s ika l i s c h-Chemi s chc  Tabe l len. 

In  the  present  study  the  coefficients  of  thermal  expansion  along  each 
of  the  crystallographic  axes  were  determined.  Several  methods  were 
considered  before  a  satisfactory  one  was  accepted.  A  dila tometric 
method  was  abandoned  because  of  the  necessity  of  using  large  crystals 
and  the  difficulty  of  obtaining  these.  The  sensitivity  of  large  crystals  of 
TNT  to  temperature  changes  is  another  deterrent  to  this  method.  The 
interferometer  for  thermal  expansion  employs  small  specimens  but  is 
difficult  to  operate  and  calibrate.  Therefore,  it  was  decided  to  try  a 
method  employing  one  of  the  recently  developed  transducers,  which 
are  relatively  easy  to  use  and  calibrate. 
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F  i  r  .  1.  Apparatus  Fmpl'ived  in  Expansion  Measurements 

Including  Statham  Gajte,  Fused  Silica  Connecting  Rod,  and 
Nichr  ome-Wound ,  Oil-Filled  Vvcor  Heating  Vessel. 

EXPERIMENTAL  PROCEDURE 


APPARATUS 

The  apparatus  designed  for  the  determination  of  thermal  expansion 
along  the  three  crystallographic  axes  of  TNT  makes  use  of  a  suitable 
transducer  (Statham  gage,  Ref.  2)  ami  a  sensitive  galvanometer.  The 
apparatus  used  in  these  tests,  including  the  Sta  lam  gage,  fused  quartz 
connecting  rod,  heating  vessel,  and  supporting  stand,  is  shown  in  Fig.  1. 
By  employing  a  simple  circuit  of  variable  resistances  and  utilizing  ma¬ 
terials  of  known  expansion,  displacement  in  the  system  was  calibrated  in 
terms  of  galvanometer  deflection.  The  displacement  transducer  element 
consists  of  a  frame  supporting  a  movable  armature  by  means  of  two 
thin  cantilever  plates.  Four  sets  of  constantan  filaments  are  strung 
under  initial  tension  between  the  frame  and  armature  in  such  a  manner 
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Fig.  2.  Transducer  Circuit  for  Measuring  Displacement-  Rc, 

R  0  ,  Rs,  and  Rx  are  decade  resistance  boxes  with  a  range  of 
0  to  100,000  ohms;  Rg  is  a  fixed  wire-bound  resistor  with  a 
resistance  of  5,000  ohms;  and  G  is  a  suspension  galvanometer 
with  a  sensitivity  of  0.0013  yu-amp/mm. 

that  when  the  armature  is  displaced  longitudinally,  two  of  the  sets  of 
filaments  are  elongated,  while  the  other  two  sets  are  shortened.  The 
elongated  filaments  increase  in  resistance,  while  the  resistance  of  the 
shortened  filaments  decreases.  The  change  in  resistance  of  the  fila¬ 
ments  is  proportional  to  their  change  in  length.  The  transducer  is  so 
wired  that  the  filaments  are  connected  in  a  Wheatstone  bridge  circuit, 
as  shown  in  Fig.  2.  The  resistance  change  of  the  filaments  alters  the 
electrical  balance  of  the  bridge  so  that  an  electric  current  is  ca  .j^d 
to  flow  in  the  galvanometer  circuit.  The  galvanometer  deflection  in¬ 
dicates  and  is  proportional  to  the  displacement. 

The  heating  chamber  was  a  250-ml  Vycor  beaker  with  the  flange 
cut  off.  An  aluminum  top  with  holes  for  a  thermometer,  stirrer,  and 
connector  to  the  gage  was  mounted  on  the  Vycor  vessel.  The  outside  of 
the  vessel  was  wound  with  resistance  wire,  then  covered  with  asbestos 
paper.  Connections  were  made  to  a  variable  transformer  in  order  that' 
various  rates  of  heating  could  be  achieved.  This  vessel  was  filled  with 
an  oil  (SAE  10)  in  which  TNT  was  insoluble.  The  oil  was  stir  d  by 
means  of  a  v  .iiable-speed  stirrer.  The  heating  chamber  was  held  in 
a  supporting  vise  mounted  on  a  heavy  instrument  stand  to  minimize 
the  effect  of  vibrations.  The  transducer  was  rigidly  attached  to  the 
top  of  the  stand  and  could  be  raised  or  lowered  in  place  by  means  of 
a  rack  gear. 
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A  circuit  diagram  for  the  expansion  measuring  apparatus  is  given 
in  Fig.  2.  Resistances  and  other  circuit  components  are  listed.  Variable 
resistances  were  employed  in  order  that  the  sensitivity  of  the  galva¬ 
nometer  could  be  varied  and  the  bridge  balanced  for  various  pressures 
on  the  gage.  Once  optimum  sensitivity  of  the  galvanometer  was  estab¬ 
lished,  however,  it  was  held  constant  for  all  measurements.  The 
battery  voltage  and  the  speed  of  the  stirrer  were  also  essentially 
constant  from  experiment  to  experiment. 

For  each  determination,  the  galvanometer  deflection  was  read  at 
given  temperature  intervals,  usually  of  1°C.  The  resistances  and 
Rx  (Fig.  2)  were  12  and  1,000  ohrns,  respectively.  The  resistances 
Hc  and  R0  were  varied  from  about  10,000  to  20,000  ohms,  on  the  average, 
to  bring  the  galvanometer  to  zero  for  each  mounting. 

CALIBRATIONS 

An  effort  was  made  to  hold  the  expansion  of  the  apparatus  to  a  mini-  . 
mum.  The  heating  vessel  (Vycor,  expansion  coefficient,  0.8  X  10  “6 
in. /in./  C)  and  the  connecting  rod  (fused  quartz,  expansion  coefficient, 
0.5  X  lO-6  in. /in./'t)  obviously  have  very  low  expansions.  Nevertheless, 
it  v/as  considered  advisable  to  determine  and  correct  for  the  small 
expansion  inherent  in  the  apparatus.  Three  determinations  (Table  1) 
were  made,  therefore,  with  no  specimen  in  place;  that  is,  with  the 
fused  quartz  connecting  rod  resting  on  the  bottom  of  the  Vycor  vessel. 
The  result  of  these  experiments  indicates  that  a  small  average  cor¬ 
rection  for  expansion  of  the  apparatus  of  0.060  cm  deflection  per  °C 
was  required.  This  correction,  consequently,  was  applied  in  calibrating 
displacement  in  terms  of  galvanometer  deflection  with  materials  of 
known  expansion. 

The  materials  of  known  expansion  employed  were  Pyrex  glass  with 
an  expansion  coefficient  of  3.  2  x  10  in. /in./°C  from  room  temperature 
to  21J°C  (Ref.  3);  electrolytic  copper  with  an  expansion  coefficient  of 
16.98  x  10~6  at  50°C  (Ref.  4),  which  is  about  the  mid-point  of  the  tem¬ 
perature  range  employed;  and  C.P.  tin  with  an  expansion  coefficient 
of  22.69  x  10~*  at  50°C  (Ref.  4). 

Both  Pyrex  glass  and  copper  are  isotropic.  Tin  belongs  to  the 
tetragonal  crystal  system  but  appears  to  contain  random  crystal 
orientations  and  hence  uniform  expansion  in  the  temperature  range 
employed  (25°  to  75°C).  Calibration  data  for  these  three  materials  are 
presented  in  Table  2.  It  may  be  noted  that  the  correction,  C,  for  the 
expansion  of  the  apparatus,  previously  determined  (Table  1),  is  taken 
into  account  in  column  6  and  a  value  for  net  galvanometer  deflection 
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TABLE  1 

Correction  for  Expansion  of  Apparatus  at  a 
Temperature  Interval  of  50°C 


TABLE  2 

Calibration  of  Galvanometer  Deflection  Usine  Materials  of  Known  Expansion 


Expans i on 
Coe  ffieient 
E 

(X  10*) 


Length 

l 


Temperature 

Interval 

Af 


Gal vanome  ter 
De  fleet,  i  on 
D 

(  cm) 


(5) 


Net  Galva- 
nome ter 
De  flection 
D-CAt 
( cm) 


(6) 


Cal ibration 
K 

(in. /cm  of 
defln.  X  10*) 


(7) 


4.64 

4.70 

4.16 

4.50 

4.32 

4.  16 

4 .  SB 

4.45 

4.43 

4.27 

4. 35 

|  4.4.7 

•  Bacauae  cf  the  longer  length  of  the  Pyrea  rod  <2.00  ia.)  tb*  fuaed  ailica  connecting  red  did  sot  axtaad  ar 
far  into  the  bath  and  oaly  one-half  of  tba  cor.  action  factor  (C)  *ae  employed. 

b0*ar  tha  tanparatura  r<»|«  ample)  ad  <25°  to  75°C>  tba  too  matala  folloo  *ary  cloaalv  tba  following  aspaa- 
a. on  for  aula  (Rtf.  4):  I,  -  /  (  1  ♦  a,  ♦  £,•>.  obar*  o  a  10*  la  equal  to  0.1596  «*d  0.20*4  for  coppor  and  tin. 
i tip*. lively ,  and  *  id*  i#  0.1CT  aad  0.17S. 
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calculated.  The  calibration  constant,  K ,  (see  sample  calculation, 
page  14)  in  inches  displacement  per  centimeter  of  galvanometer  deflec¬ 
tion  is  tabulated  in  column  7,  the  average  of  all  determinations  being 
4.43  x  10"5  in./cm.  The  maximum  deviation  from  this  average  is 
about  10  percent,  but  the  average  deviation  is  only  5  percent,  which 
compares  favorably  with  most  expansion  measurements  on  small¬ 
sized  specimens. 

The  thermometer  employed  was  checked  by  means  of  a  chromel- 
alumel  thermocouple,  the  junction  of  which  was  inserted  into  the  oil 
bath  near  the  sample.  No  appreciable  difference,  with  the  exception  of 
response  time,  was  observed, 

PREPARATION  OF  MATERIALS 

A  technical  grade  of  TNT  was  carefully  purified  by  dissolving  in 
acetone,  quenching  in  water,  treating  with  sodium  sulfite,  washing  with 
water,  dissolving  in  carbon  tetrachloride,  again  washing  with  water, 
dissolving  in  hot  ethyl  alcohol  and  allowing  to  crystallize.1  The  re¬ 
sulting  fine  white  crystals  were  stored  in  the  dark.  Suitable  crystals 
for  expansion  measurements  were  grown  by  dissolving  this  purified 
material  in  benzene,  adding  a  seed  crystal,  and  stirring  in  a  constant- 
temperature  bath  at  30°C.  Very  slow  evaporation  of  the  benzene  allowed 
production  of  pale  yellow,  transparent,  well-formed  crystals  about 
2  by  1  by  1/2  in.  in  size  in  a  period  of  about  2  weeks.  The  purity  of 
these  crystals  was  estimated  by  using  the  6et  point  method.  The  set 
point  was  80.66°C,  which  yields  a  value  of  99.68  mol  percent  purity 
when  the  Vant  Hoff  equation  is  used  and  an  ideal  solution  is  assumed. 
This  assumes  an  ultimate  set  point  of  80.  90°C  for  pure  alpha-TNT, 
which  has  not  been  definitely  established. 

These  crystals  were  cut  with  a  jewelers’  saw  to  the  approximate 
desired  dimensions  along  ea.h  crystallographic  axis  and  reduced 
further  by  grinding  on  fine  emery  paper.  The  broad,  well-defined  (010) 
face  was  used  as  a  reference.  The  length  of  each  specimen  was  meas¬ 
ured  to  within  0.001  i...  w>th  a  micrometer  caliper  before  and  after 
each  expansion  measurement. 

The  specimens  to  be  investigated  were  nr  unted  on  the  bottom  of  the 
heating  chamber  and  kept  upright  and  away  from  the  walls  of  the  vessel 
by  means  of  coiled  supports  of  copper  wire.  One  of  these  supported 
specimens  is  shown  beside  the  heater  in  Fig.  1. 

1  This  process  will  be  discussed  in  s  report  to  be  prepared  by  W.  A.  Gey, 
K .  H.  Dal  bey,  A.  F.  Teague,  and  R.  W.  Van  Dolsh  and  released  by  NOTS. 
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RESULTS 


DATA 


The  data  obtained  for  seven  different  crystals  from  one  batch  of 
purified  TNT,  on  some  of  which  duplicate  determinations  were  made, 
are  given  in  Table  3,  Detailed  data  in  the  form  of  bo  h  heating  and 
cooling  curves  are  presented  in  Fig.  3,  4,  5  and  6  in  wuich  displace¬ 
ment  is  plotted  against  temperature  for  typical  determinations  for 
each  of  the  crystallographic  orientations.  The  rate  of  temperature 
change  varied  from  0.5°  to  0.2°C  per  minute,  with  the  lower  rate  being 
used  near  possible  transition  points. 

Sample  calculations  are  given  for  both  the  calibration  constant,  K, 
and  the  coefficient  of  thermal  expansion,  E,  in  the  following  section. 

It  may  be  noted  (Table  3)  that  the  expansion  coefficients  for  TNT 
are  relatively  high  and  show  a  great  difference  between  that  for  the 
short  axis J  and  those  for  the  other  two  axes.  For  example,  the  average 
values  determined  for  the  intermediate  and  long  axes  are  50.2  and 
47.2  x  10“6  in./in./°C ,  respectively,  as  compared  to  an  average  value 
about  four  times  as  great,  or  181  X  10"6  for  the  short  axis.  Thus  it  is 
seen  that  for  the  intermediate  and  long  axes,  expansions  about  four 
times  that  for  mild  steel  (the  usual  warhead  casing  material)  are 
obtained;  whereas  the  short  axis  shows  expansions  about  15  times  as 
great.  For  comparison,  the  expansion  coefficient  of  hard  rubber  is 
about  80  X  1 0-6 . 


From  Fig.  3  and  4  it  is  evident  that  the  expansion  along  the  short 
axis  of  TNT  is  not  constant  between  room  temperature* and  its  melting 
point.  In  Fig.  3,  at  64°C,  an  abrupt  change  in  slope  in  both  the  heating 
and  cooling  curves  occurs  at  points  B  and  D,  respectively.  From 
room  temperature  to  about  64°C  the  average  of  the  heating  and  cooling 
curve  determinations  for  thermal  expansion  is  159  X  10"6.  From  64°to 
79.  5°C  this  average  value  increases  by  about  70  percent  to  270  X  IQ”6. 
Another  less  pronounced  inflection  point  may  be  seen  to  occur  in  the 
neighborhood  of  55°C.  Such  inflection  points  have  been  noted  in  all  the 
observations  made  on  the  short  axis.  There  appears  to  be  some 


The  TNT  c  ry  a  t a  1  lattice  haa  been  reported  by  aoaie  inve a t iga tore  (Ref  5-6) 
to  belong  to  the  orthorhombic  ayatem;  othera  (Ref.  7-B)  maintain  that  'it  is 
monoclinic.  Nomenclature  for  the  crystallographic  axea  in  theae  t«o  systems 
1*1  different.  Work  is  currently  in  progreaa  by  othera  in  thia  Laboratory  to 
determine  definitely  the  rryatal  atructure,  but  until  thia  ia  completed  it  appaaia 
advisable  to  refer  to  the  crystallographic  axea  of  TNT  as  the  short,  1  nte  re**  di  a  te 
and  long  axes. 
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TABLE  3 

Thermal  Fxpanuon  Data  for  a  -TNT 


TNT 

Spec i»en 

Length 

I 

(  in. ) 

Tenp. 

Range 

A. 

(  °C) 

<i) 

<  2) 

(3) 

^  Crystal  1 

Short  A xis 

23.5-53 

Inter.  " 

.584 

22-59.5 

Lon*  M 

.769 

23-54 

Crystal  2 

Short  Axis(  1 ) 

.  126 

22.5-70.5 

"  "  (2) 

.  126 

26-73 

Inter.  ”  (I) 

.342 

23-73 

"  (2) 

.330 

22.5-69.0 

Lon*  "  (1) 

.431 

26.5-72 

..  „  (2) 

.424 

28-74 

Crystal  3 

Lon*  Asia  (  I ) 

.  462 

27-72 

..  ..  (2) 

.448 

21-72 

"  "  (3) 

.448 

76-32 

Crystal  4 
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fig.  3.  Length  Changes  of 
•Alpha-TNT  Along  the  Short  Axis. 

I  =  0.1135  in . 

correlation  between  the  previous  heat  treatment  of  the  sample  crystal 
and  its  expansion  behavior.  In  Fig.  4  some  inflections  may  be  ob¬ 
served  in  the  first  heating  and  cooling  curve,  but  very  pronounced 
inflections  occur  in  the  neighborhood  of  55°C  on  the  second  heating 
and  cooling  curve,  which  was  obtained  without  removing  the  sample 
from  the  apparatus. 

ISo  such  break  was  as  pronounced  in  the  expansion  curves  for  either 
the  intermediate  or  long  axes  of  TNT  (Fig.  5  and  6),  although  slight 
inflections  were  sometimes  detected.  The  cooling  curve  for  the  long 
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1EMRER*  TURE  ,  °c 


Fig.  5.  Length  Changes  of  Alpha- 
TNT  Along  the  Intermediate  Axis. 

L  -  0.395  in. 

axis  indicates  that  a  gradual  change  in  slope  might  occur  in  the  neigh¬ 
borhood  of  64°C. 

A  phenomenon  was  noted,  however,  for  both  these  axes  that  was  not 
observed  for  the  short  one.  This  was  a  state  of  plastic  flow,  which  was 
evident  8°  or  9°C  below  the  melting  point  and  was  illustrated  by  the 
leveling  off  and  rounded  portions  at  the  top  of  the  graphs  (Fig.  5  and  6) 
starting  at  about  73°C.  This  behavior  is  confirmed  by  the  decrease  in 
length,  as  shown  in  Table  3,  measured  for  consecutive  tests  on  the 
same  specimen.  Also,  the  original  ground  surfaces  were  observed  to 
have  become  glazed  during  heating.  The  amount  of  plastic  flow  is 
greatly  increased  when  the  temperature  is  raised  from  79°  to  80°C 
(the  dashed  portion  of  the  curve  in  Fig.  6)  and  length  changes  almost 
equal  to  those  for  the  entire  preceding  temperature  rise  (50l'C)  result. 
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Further  observations,  for  which  no  explanation  is  currently  possible, 
may  be  made  on  the  data  shown  in  Fig.  4.  One  is  the  hysteresis  in  the 
cooling  curves  apparent  above  65°  to  70°C.  This  has  been  noted  in  other 
determinations  (crystal  6)  but  is  not  found  in  the  data  obtained  on 
crystal  5  (Fig.  3).  The  only  difference  that  exists  is  that  the  thermal 
expansion  measurements  on  crystals  6  and  7  were  made  about  9  months 
after  the  crystals  had  been  produced,  while  only  3  months  had  elapsed 
between  production  and  measurement  of  crystal  5.  A  second  unexplained 
observation  is  the  apparent  irreversible  shrinkage  obtained  on  tem¬ 
perature  cycling  in  the  absence  of  plastic  flow.  This  is  illustrated  in 
Fig.  4.  Finally,  the  thermal  history  of  the  sample  is  shown  to  be  of 
importance  in  its  expansion  behavior,  since  rather  wide  variations 
were  obtained  in  the  coefficient  of  expansion  on  a  review  of  two  samples. 
This  was  noted  along  the  short  axis  of  crystal  7  and  along  the  long 
axis  of  crystal  3. 

In  order  to  ascertain  the  manner  in  which  TNT  crystals  fracture 
when  subjected  to  thermal  shock  and  correlate  this  with  observed 
thermal  expansions,  the  following  experiments  were  performed.  Large 
crystals  of  TNT  were  grown  from  the  melt  on  a  microscope  slide  with 
the  short  axis  perpendicular  to  the  plane  of  the  slide  and  the  long  axis 
parallel  to  it.  The  slide  was  maintained  for  a  time  at  75°  to  80°C  and 
then  plunged  into  a  bath  of  ice  water.  As  was  expected  upon  cooling, 
contraction  along  the  short  axis  was  about  four  times  that  along  the 
long  axis  and  the  crystals  were  thereby  subjected  to  lengthwise  tension 
with  resulting  fracture  (Fig.  7). 

It  was  considered  possible  that,  since  an  inflection  was  observed  in 
the  expansion  curve  for  one  orientation  of  TNT,  an  energy  change  or 
polymorphic  inversion  might  also  occur.  Heating  curves  were  deter¬ 
mined,  therefore,  in  an  apparatus  for  the  determination  of  specific 
heats.  Initial  heating  rates  of  8°C  per  hour  were  employed  and  gradually 
decreased  to  about  1°  or  2°G  per  hour  in  the  temperature  interval  70°  to 
80°C.  By  this  means  detection  of  energy  changes  as  low  as  2.5  calories 
within  the  10-g  sample  was  possible.  No  inflections  were  observed 
over  the  temperature  range  (25°-80°C)  investigated.  From  this  it  can 
be  concluded  that  either  no  phase  change  had  occurred  or  that,  if  one 
had,  it  involved  an  extremely  small  energy  change  or  occurred  at  a 
sluggish  rate. 
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Fig.  7.  Photomicrograph  of  TNT  Crystals  on  a  Microscope  Slide, 
Thermal  -  Shocked  From  7 5 °C  Into  Ice  Water  (X  84). 


SAMPLE  CALCULATIOhS 


The  displacement  corresponding  to  each  centimeter  of  galvanometer 
deflection  is  calculated  from  the  following  formula: 


K 


lE&t 
D  -  CAf 


where 


K  = 
l  = 
t:  = 
D  = 

c  = 

At  = 


calibration  constant 
length 

expansion  coefficient 

galvanometer  deflection 

correction 

temperature  interval 

net  galvanometer  deflection 
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For  example,  in  determination  1  under  electrolytic  copper  (Table  2) 
the  calibration  constant  is  found  as  follows: 

K  =  1014  in-  X  16-98  X  10~6in./in./°C  X  46°C 

21.1  cm  -  (0.06  cm / °C  X  46°C) 

--  4.32  X  10-5  in. /cm  deflection 

The  coefficient  of  thermal  expansion  for  TNT  is  calculated  from 
the  calibration  constant,  K,  (Table  2)  and  the  data  given  in  Table  3, 
employing  the  formula 


l  At 


For  example,  in  determination  1  under  crystal  1  (Table  3)  the  expan¬ 
sion  coefficient  is  found  as  follows: 

_  4.43  X  10"5  in. /cm  X  24.8  cm 

(T  148  in.  X  29. 5°C 

=  181  X  10'®  in . /i n . / °C 
DISCUSSION 

The  significance  of  high  coefficients  of  expansion  for  TNT — a  much 
higher  expansion  along  one  crystallographic  axis  than  along  the  others, 
and  a  nonuniform  expansion  along  that  axis— -is  that  the  crystal  will 
have  anisotropic  physical  properties.  This  explains  to  a  large  extent 
the  sensitivity  of  TNT  to  temperature  changes,  its  low  mechanical 
strength,  and  variation  in  other  physical  properties  under  certain 
conditions  of  storage.  The  wide  variation  in  expansion  is  likely  to 
introduce  appreciable  strains  in  the  crystal  lattice  of  TNT  crystals 
formed  from  the  melt.  The  relief  of  such  strains  may  take  several 
courses.  If  the  stresses  causing  the  strains  are  sufficiently  large, 
fracture  results,  as  in  the  thermal-shocked  crystals  shown  in  Fig.  7. 
When  fracture  does  not  occur,  and  to  some  extent  when  it  does,  long 
perious  of  time  may  be  required  for  relief  of  residual  strains.  This 
strain  relief  may  take  place  in  different  ways,  such  as  delayed  fracture, 
change  in  dimensions  of  the  ciystal,  or  grain  growth. 

The  behavior  of  plastic  flow  along  two  crystallographic  axes  of  TNT 
at  temperatures  considerably  below  the  melting  point  may  indicate 
that  the  crystal  lattice  is  not  only  sometimes  strained  but  also  meta¬ 
stable  even  when  essentially  strain  free.  The  crystals  on  which  plastic 


ff 
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flow  was  observed  were  grown  from  benzene  solution  at  3Q°C  and  at 
the  outset  presumably  contained  a  minimum  of  strains,  but  some  may 
have  been  introduced  during  the  heating  process.  Apparently  some 
mobility  or  rearrangement  along  two  axes  results  at  an  energy  state 
below  that  for  complete  melting;  whereas,  there  appears  to  be  no  re¬ 
arrangement  along  the  third  axis. 

Data  reported  in  the  literature  for  specific  heat  and  thermal  con¬ 
ductivity  were  studied  for  possible  irregularities  that  might  be  related 
to  the  expansion  observations.  Prentiss  (Ref.  9)  determined  mean 
specific  heats  and  thermal  diffusivities  for  TNT  in  1923  by  the  method 
of  mixtures  employing  liquid  air.  Unfortunately  he  was  not  interested 
in  determinations  above  room  temperature.  It  is  interesting  to  note, 
however,  that  he  considered  irregularities  in  specific  heat  values 
immediately  below  the  melting  point  to  be  a  likelihood.  Mention  was 
made  that  possibly  incipient  melting  below  the  true  melting  point  could 
occur.  It  was  pointed  out  that  the  values  determined  for  specific  heat 
of  TNT  showed  considerable  variation  from  the  idealized  case  of 
Kopp’s  law,  which  states  that  the  molecular  heat  of  a  compound  is 
equal  to  the  sum  of  the  atomic  heats  of  the  elements  composing  it. 

The  Russian  workers  Belajev  and  Matushko  (Ref.  iO)  also  con¬ 
ducted  some  studies  involving  specific  heats  and  thermal  conductivities 
of  explosives  including  TNT.  No  great  accuracy  was  claimed  for  the 
results  obtained  and  the  temperature  functions  were  not  investigated. 

Taylor  and  Rinkenbach  (Ref.  11),  employing  a  liquid  oxygen  calo¬ 
rimeter,  determined  mean  specific  heats  between  -182.8°  and  0°,  20. 2°, 
and  79°C,  respectively.  From  these  data  an  equation  was  derived  and 
used  to  calculate  specific  heats  at  10°  intervals  from  0°  to  80°C.  Neither 
this  method  nor  the  two  previously  described  are  conducive  to  detecting 
inflections  in  specific  heat— temperature  curves.  It  appears  likely, 
however,  from  the  two  heating  curves  obtained  in  the  present  study  that 
no  significant  change  in  specific  heat  results  below  the  melting  point. 

A  very  plausible  explanation  for  the  inflections  observed  in  the 
expansion  curves  is  that  they  may  be  due  to  the  interconversion  of 
polymorphic  forms.  Contrary  to  the  statement  in  the  recent  literature 
(Ref.  6)  that  no  evidence  exists  for  polymorphism  in  TNT,  polymorphism 
is  definitely  indicated  by  X-ray  diffraction  data  obtained  in  this  Labo¬ 
ratory.  Evidence  has  beer,  obtained  of  the  existence  of  two  orthorhombic 
and  one  monoclinic  modification  but,  of  more  importance,  this  work  has 
demonstrated  that  some  form  of  disorder  exists  in  crystals  prepared 
under  the  usual  conditions.  Changes  in  the  crystal  structure  involving 
polymorphic  conversions  and  disorder  may  well  account  for  the  varia¬ 
tions  in  expansion  measurements  observed. 
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Further  work  is  necessary  before  adequate  explanations  for  the 
phenomena  reported  herein  are  available.  Such  work  is  underway  in 
connection  with  a  comprehensive  program  on  the  crystallography  of 
TNT  and  a  determination  of  its  physical  properties  and  solid  state 
phenomena. 


CONCLUSIONS 

The  high  values  for  expansion  coefficients,  the  variation  in  expansion 
with  crystallographic  axis,  and  the  nonuniform  expansion  along  a  par¬ 
ticular  axis  impart  anisotropic  physical  properties  to  TNT  crystals. 
Lattice  distortion,  depending  upon  the  thermal  history  of  a  crystal, 
causes  abnormal  behavior  resulting  from  alteration  of  physical  char¬ 
acteristics.  The  nonuniform  thermal  expansion  observed  in  this  work 
may  be  evidence  lor  a  phase  change  occurring  in  TNT  between  room 
temperature  and  its  melting  point. 
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